INTRODUCTION
Consumers, egg producers, legislatures, consumer groups, as well as animal welfare organizations have a vested interest in how retail eggs are produced. The egg industry has always embraced the request for consumer choice and provides many animal husbandry and nutritional enhancement options for retail eggs. Legislation in Europe went into effect in 2012 banning the use of conventional cages (European Commission, 1999) . In the United States, California voters passed a law defining hen housing conditions in that state which goes into effect in 2015 (California Health and Safety Code, 2009 ). Additionally, a US federal regulation defining minimum hen housing conditions has been proposed and is currently in committee for consideration (US House of Representatives, 2012) .
Although the various laws and legislations have been proposed and enacted, the impact of the housing requirements on egg safety is not completely understood.
In preparation for the EU hen housing transition, researchers have explored various aspects of the law in member countries on egg microbiology (De Reu et al., 2005 , 2009 Mallet et al., 2006; Schwaiger et al., 2008; Huneau-Salaün et al., 2009) , often presenting conflicting results. Unfortunately, due to the dynamic nature of microbial growth and the differences in husbandry practices and laying hen genetics between the European Union and United States, much of the egg microbial information from the European Union cannot be directly applied to US conditions (Holt et al., 2011) .
Environmental and egg microbiology affect not only consumer safety, but also the ability of the US egg industry to meet the requirements of the federal law governing egg production and transportation (FDA, 2009) . Surveys of the microbial diversity of a variety of commercial egg production systems in Europe have been conducted (De Reu et al., 2006 , 2009 Schwaiger et al., 2008; Huneau-Salaün et al., 2010) , but very few controlled commercial-style studies have occurred. In the United States, researchers have begun to examine the effects of commercial-scale alternative egg production systems on environmental and egg microbiology (Jones et al., , 2012 . The current study was conducted to examine the impact of alternative housing systems and laying hen strain on egg microbiology, thus expanding Housing system and laying hen strain impacts on egg microbiology ABSTRACT Alternative hen housing is becoming more commonplace in the egg market. However, a complete understanding of the implications for alternative housing systems on egg safety has not been achieved. The current study examines the impact of housing Hy-Line Brown, Hy-Line Silver Brown, and Barred Plymouth Rock hens in conventional cage, cage-free, and free range egg production systems on shell microbiology. Eggs were collected at 4 sampling periods. Egg shell emulsion pools were formed and enumerated for total aerobic organisms, Enterobacteriaceae, and yeast and mold counts. Hy-Line Brown and Hy-Line Silver Brown hens produced eggs with significantly (P < 0.05 and 0.001, respectively) different levels of aerobic organisms dependent on housing system. Eggs from conventional cages had significantly different (P < 0.05) levels of aerobic contamination in relation to hen strain with Hy-Line Silver Brown having the greatest (4.57 log cfu/ mL). Hy-Line Brown and Barred Plymouth Rock hens produced eggs with significantly different (P < 0.01) levels of Enterobacteriaceae among housing systems with conventional caged eggs having the lowest level of contamination for the hen strains. There were no differences within each strain among housing systems for yeast and mold contamination. The study shows that hen strain has an effect on egg microbial levels for various housing systems, and egg safety should be considered when making hen strain selections for each housing system. the understanding of US commercial egg production systems on egg safety.
MATERIALS AND METHODS

Hen Management
Three strains of laying hens (Hy-Line Brown, HyLine Silver Brown, and Barred Plymouth Rock) were hatched together at the Piedmont Research Station, North Carolina Department of Agriculture and Consumer Services, Salisbury. At the appropriate age, each strain was housed in conventional cage, cage-free, and free range production systems. The full description of rearing and production management can be found in Anderson (2011) . Briefly, conventional cage hens were reared in a brood/grow pullet house with quad-deck cage systems (13 birds/cage; 310 cm 2 /bird). At 17 wk of age, the conventional cage-reared hens were moved to a quad-deck laying house with 4 cage replicates of 6 hens/cage (413 cm 2 /hen).
Cage-free and free range pullets were reared comingled and brooded on litter at a density of 638 cm 2 /bird. All birds had access to roosts to encourage roosting behavior and usage of nest boxes. At 12 wk of age pens were split, with the range pullets being moved to the range hut at (929 cm 2 /pullet) with full access to range paddocks (7.91 m 2 /hen). Nest boxes were available at a rate of 1 nest box/7.5 hens and 13 cm of roosting space/hen. The cage-free house was a litter/slat facility consisting of 2/3 slates and 1/3 litter with 216 hens/ pen (929 cm 2 /hen), 1 nest box/6 hens, and 13 cm of roosting space/hen.
Egg Sample Collection
Egg samples were collected according to the methods outlined in Jones et al. (2011) at hen age 23, 32, 41, and 48 wk. For each strain of laying hens, 18 eggs were aseptically collected from conventional cage (CC), cage-free nest box (CFNB), cage-free floor (CFF), and free range nest box (FRNB). Not enough eggs were laid out of the nest boxes in the free range environment by any of the strains for analysis at any sampling period. Three shell emulsion pools of 3 shells were formed in sterile specimen cups for each hen strain/ housing system combination during a sampling period by adding 50 mL of 42°C sterile PBS according to the methods of Musgrove et al. (2005) . Cracked eggs were excluded from analysis.
Microbial Assessments
Total aerobic populations were determined by duplicate spread plating 100 μL of appropriate dilutions onto standard method agar (Acumedia Manufacturers, Lansing, MI). The plates were incubated at 35°C for 48 h before enumeration. Levels of yeasts and molds were determined by duplicate spread plating 100 uL of appropriate dilutions onto Dichloran Rose Bengal Chloramphenicol agar (Acumedia Manufacturers). Plates were incubated, right side up, for 6 d at 25 to 26°C before enumeration. Enterobacteriaceae were enumerated by dispensing 1 mL of appropriate dilutions into violet red bile glucose agar (Acumedia Manufacturers) pour plates with overlay. Duplicate plates per sample were incubated at 37°C for 18 to 20 h before typical colonies were counted.
Statistical Analysis
Microbial counts were subjected to log-transformation (SAS Institute, 2002) before analysis. Plate counts with no growth were converted to zero after log-transformation. The Barred Plymouth Rock hens in cagefree production produced floor eggs exclusively in the first sampling period. These data were therefore excluded from analysis. Additionally, Barred Plymouth Rock hens in CC production did not produce eggs at 23 wk of age and Hy-Line Brown hens in cage-free production did not produce floor eggs at 48 wk of age. A mixed model was therefore used for initial statistical analyses with hen strain as the fixed and housing system as the random variables. Due to the biological nature of the study, numerous main effect interactions were found. The data were then sorted for hen strain and analyzed to determine differences between housing systems within a single laying strain for each microbial populations monitored using the GLM. Subsequently, data were analyzed after sorting for housing system to determine differences between hen strains within a single housing system for the monitored microbial populations via the GLM. Means were separated by the least squares method.
RESULTS AND DISCUSSION
The concentration of total aerobic organisms associated with the shells of eggs from each strain and housing system is presented in Table 1 . When considering each housing system, CC was significantly different among the hen strains (P < 0.05) with the Hy-Line Silver Brown having the greatest level of aerobic bacteria associated with the shell and shell membranes (4.57 log cfu/mL). Although a statistically significant difference was found, biologically, the 0.5 log cfu/mL difference was not of practical commercial importance.
When comparing housing systems within a single strain of laying hens, Hy-Line Brown and Hy-Line Silver Brown produced eggs with significantly different (P < 0.05 and P < 0.001, respectively) levels of aerobic organisms in the various production environments. HyLine Brown had significantly different levels of aerobic organisms associated with the shell in the CFF (4.49 log cfu/mL) and CFNB (3.31 log cfu/mL). Hy-Line Silver Brown produced eggs with the greatest level of aer-obic contamination in the CC and CFF (4.57 and 4.32 log cfu/mL, respectively). The lowest level of aerobic contamination for this laying hen strain was detected in FRNB (2.92 log cfu/mL). Barred Plymouth Rock hens produced eggs with similar levels of aerobic contamination across FRNB, CC, and CFNB. The levels of shell aerobic organism contamination detected in the CC for the current study is similar to the average levels reported by Jones et al. (2011) . Average FRNB shell aerobic counts for Hy-Line Silver Brown are lower for the current study compared with Jones et al. (2011) . Mallet et al. (2006) found greater bacterial loads on eggs laid outside of the nests in furnished cages. In the current study, when significant differences between production systems occurred within a hen strain, CFF eggs were always significantly greater than other production systems. De Reu et al. (2006) also found aerobic levels to be greatest on floor eggs, surmising floor eggs should not be consumed. The authors also reported aerobic levels to be greater for nonconventional cage eggs, which was not the case for the Hy-Line Silver Brown hens in the current study. De Reu et al. (2008) determined aerobic plate counts to be greater associated with eggs from nests of noncage systems compared with nests from furnished or conventional cage production systems. This was not seen for all the hen strains in the current study. De Reu et al. (2008) determined that differences between housing systems are less pronounced under commercial conditions. The current study was conducted on a research farm equipped with commercial style hen housing systems, which could account for the differences in microbial results compared with previously published studies.
The levels of Enterobacteriaceae detected during the study are found in Table 2 . Within each housing system, there were no significant differences among the laying hen strains for Enterobacteriaceae detection. The Hy-Line Brown and Barred Plymouth Rock hens produced eggs with significantly (P < 0.01) different levels of Enterobacteriaceae associated with the shells for the various housing systems. Hy-Line Brown hens had the greatest concentration of Enterobacteriaceae associated with FRNB and CFF (1.81 and 1.63 log cfu/ mL, respectively) and similar low levels for CC and CFNB (0.36 log cfu/mL). In the Barred Plymouth Rock strain, similar levels of Enterobacteriaceae were detected FRNB and CFNB (1.86 and 1.12 log cfu/ mL, respectively), which were different from CC where no Enterobacteriaceae were detected during the study. Singh et al. (2009) and Jones et al. (2011) reported the lowest coliform levels associated with conventional cage eggs. The current study also finds the lowest shellrelated Enterobacteriaceae levels in CC eggs. De Reu et al. (2009) found statistical, but not biologically important, differences in Enterobacteriaceae levels on shells from furnished and noncage production systems. In the current study, for the 2 strains exhibiting statistically different levels of Enterobacteriaceae among housing systems, the differences were of a magnitude to be biologically important (>1 log cfu/mL).
The impact of laying hen strain and housing system on yeast and mold levels is presented in Table 3 . Each of the 3 laying hen strains produced eggs with similar yeast and mold contamination associated with the shell for the various housing systems. There was a significant difference (P < 0.05) in the concentra- The strain of laying hen appears to affect the populations of indicator organisms associated with the shell in conventional cage, cage-free, and free range production systems. During the current study, none of the hen strains produced enough free range floor eggs to create a sampling pool, indicating all hen strains responded well to the nest boxes in the free range production system. Barred Plymouth Rock hens produced the fewest floor eggs in cage-free production systems. As the study progressed, Hy-Line Brown hens ceased producing floor eggs in the cage-free production system. Singh et al. (2009) found strain of laying hen can affect adaptability to laying environment and nest box usage.
Hy-Line Silver Brown hens produced FRNB eggs with significantly lower aerobic bacteria levels compared with other housing systems. All 3 strains of hens produced eggs with the lowest levels of Enterobacteriaceae in CC. Hy-Line Silver Brown hens in all housing systems produced eggs with similar levels of Enterobacteriaceae. Yeast and mold levels were similar across all housing systems for each of the 3 strains of laying hens. Hy-Line Brown hens produced FRNB eggs with significantly greater yeast and mold levels compared with Hy-Line Silver Brown and Barred Plymouth Rock FRNB eggs. More research is needed to fully understand the differences in egg microbial contamination among strains of laying hens for various housing systems. When selecting hen strains for various egg production systems, producers should consider egg microbial integrity to enhance the safety of eggs produced. 
